I. INTRODUCTION
Dusty plasmas are often described using the theory of multicomponent plasmas, the dust particles with a fixed charge eZ d (eϽ0) being a massive plasma component. In this case, the main differences with the results of threecomponent plasmas arise from the large ͑sometimes infinite͒ dust to ion mass ratio and from the possible high values of Z d which can introduce nonlinearities and strong coupling.
Recently, a kinetic theory of dusty plasmas has been formulated [1] [2] [3] taking into account another distinctive feature of these systems: the dust particles must absorb plasma particles ͑electrons and ions͒ at all times to maintain their charge and therefore some kind of plasma source must be present to replace the absorbed particles: ionization, plasma reservoir, re-emission from the dust surface, etc. ͑In the following, Refs. 1-3 will be denoted as Paper I, II, and III, respectively.͒ As a consequence, the plasma is not collisionless: collisions between plasma particles may or may not be present ͑they are not taken into account in Papers I-III͒ but the plasma particles-dust collisions are an essential feature of the kinetic model. As shown in Paper I, the parameter regime where the dust-plasma particles collisions dominate with respect to the collisions between plasma particles is n d Z d 2 /n e ӷ1, where n d ,n e are the dust and electron particle densities, respectively. This condition is usually valid in current experiments with dusty plasmas. The charging collisions, of course, alter the dust charge, which is in principle different on each dust particle, depending on the local plasma conditions and fluctuations. This problem has been treated in Paper I, introducing the grain charge q as a dust phase-space variable: the dust particles are described by a time-dependent distribution function of momentum, position, and charge ͑number of dust particles with charge between q and qϩdq). At the same time, the continuous absorption of plasma particles on dust causes changes in the plasma distribution functions ͑particle diffusion͒ and their evolution also depends on the properties of the plasma source. The dust charge fluctuations and plasma absorption also modify the space charge around dust particles and one might expect deviations from the usual Debye screening. These effects were discussed in Paper II where Maxwellian distributions were used for numerical estimates of particle diffusion and screening.
In the present work the dust particle distribution is still assumed to be Maxwellian, as it is shown to be a consistent solution of the present kinetic model, but the plasma distributions are assumed Maxwellian only at time tϭ0 ͑initial values͒ and the evolution of the electron and ion distributions is found from the numerical solutions of the kinetic equations. These are given in Sec. II in a form suitable for numerical evaluation. In Sec. III, the dependence of the evolution on the plasma source is studied: for Maxwellian sources ͑a reservoir of Maxwellian plasma͒ with different intensities, including the case of zero source and the case of a source replacing exactly the number of plasma particles which are absorbed; the solutions of the kinetic equations at different times are plotted for various parameter regimes. The dependence of the plasma evolution on the source can clearly be appreciated in Figs. 1-5 . In Sec. IV, the importance of particle diffusion is examined: the evolution of the plasma distributions and corresponding ''thermal'' energies with and without the diffusion term in the kinetic equations are compared for various parameter regimes. The results confirm the finding of Paper II that diffusion is particularly important for ions and are shown in Figs. 6-8. In Sec. V, the results for the static screening are presented in comparison with the usual Debye screening in a three-component plasma of electrons, ions, and dust particles with fixed charge. Depending on the parameter regime, the ''effective'' screening, as calculated from the kinetic theory, can be quite different from Debye screening, as already pointed out in Paper II. In particular, the differences at small wave number k are very important a͒ Electronic mail: lapenta@lanl.gov since they are related to differences in the interaction of two dust particles at large distances. The results are shown in Fig.  9 .
II. KINETIC EQUATIONS FOR ISOTROPIC DISTRIBUTIONS
The kinetic theory of dusty plasmas ͑see Papers I, II, III͒ provides the evolution equations for the distribution functions of all components: electrons, ions, and dust particles. The Maxwellian distribution, however, is a particular solution of the kinetic equation for the dust particles and it is, therefore, assumed in the present calculations where only the coupled equations for electrons and ions are considered. Future work will address the evolution of the dust distribution and its effects on the plasma distributions. In the following, isotropic homogeneous distributions are used for plasma particles ͓␣ϭ͕e,i͖͔ and dust (d): f ␣ (r,v,t)ϭ f ␣ (v,t); f d (r,vЈ,t)ϭ f d (vЈ,t) normalized to the respective particle densities n i ,n e ,n d . The dust distribution integrated over charge ͑see Paper I͒
is assumed to be Maxwellian. We remark that the velocity of dust particles is always denoted with primes to distinguish it from the velocity of plasma particles.
The kinetic equations for the plasma particles can be expressed as
The term S ␣ represents a regular plasma source of particles of species ␣, F i ␣,d (p…ϭ0, if the distributions are isotropic, and d,␣ f l , which introduces a collective correction to the absorption on dust given by the second term, is usually small and will be neglected here. The collision frequency and the diffusion coefficient are defined as
indicating with e ␣ and ␣ the charge and the absorption cross section on the dust grains of the particles of species ␣.
In Eq. ͑1͒ the approximation that the dust distribution is peaked near the equilibrium charge q eq has been used, where q eq ϭq eq (t) is the solution of the equation for zero net current
͑3͒
In the present work, the orbital motion limited ͑OML͒ cross-sections 4 
where the charging collision frequency is given by
The plasma responses S(k,,q eq ), S (k,,q eq ,q eq ),
, and ⑀ d eq (k,) are defined in Papers I and II; below an expression useful for numerical computations is calculated in the hypothesis of isotropic distributions.
These responses all have to be evaluated in the kinetic equations for ϭk•vЈ ͓see Eq. ͑2͔͒ and, with the exception of ⑀ d eq (k,), everywhere vЈ will appear in factors as 1/͓k
The dust velocity is usually much less than the electron or ion velocities (vЈӶv) and consequently, with the exception of ⑀ d eq (k,), all the plasma responses can be evaluated for ϭ0. Performing the angular integrations, one obtains
These responses, calculated here for general isotropic distributions, reduce to the expressions given in Paper II for the particular case of Maxwellian distributions. Notice that there are misprints in Paper II which have been pointed out in Paper III. Finally, ⑀ d eq (k,) for a Maxwellian dust distribution reduces to the usual expression as given in Paper II.
Also, the diffusion term present in the kinetic equation can be simplified for the case of isotropic distributions. Performing all angular integrations and defining the quantity
the diffusion term can be written in the form
To perform the numerical calculations, the kinetic equations are written in a dimensionless form and the values of the dimensionless distribution functions g ␣ (y, t) are furnished as the result of the numerical integration. These dimensionless distribution functions g ␣ (y, t) are defined as
and they depend on the dimensionless velocity y and on the dimensionless time t
where v th,␣ is the initial thermal velocity of particles of species ␣ and pe is the initial electron plasma frequency. In the same manner, the dimensionless sources of the plasma particles, S ␣ ad , are defined
The plasma kinetics depends completely on six dimensionless parameters and thanks to these parameters it is possible to write the kinetic equations in a dimensionless form. The following dimensionless parameters are used:
where T ␣ , ͓␣ϭ͕e,i͖͔, are the ''thermal'' energies of the plasma particles, defined as
In the same manner,
2 is the thermal energy of the dust grains. The other two dimensionless parameters used are the ion Debye length to the dust grain radius ratio, i /a, and the ion to the electron thermal velocity ratio, v th,i /v th,e .
We observe that the last dimensionless parameter, v th,i /v th,e , can be chosen in order to make the net current on the dust grains zero at the starting time.
In fact, Eq. ͑3͒, for tϭ0, using the dimensionless parameters, becomes
3 dy, because the OML cross sections, with the notation q eq ϭeZ d , can be expressed as
Using the neutrality condition n i /n e ϭ1ϩ P, it is then possible to calculate the dimensionless parameter
so that the net current on the dust grains is zero at the starting time.
The two coupled evolution equations for the electrons and for the ions are integrated numerically with the initial conditions that g ␣ (y,0) are Maxwellian distributions and for several choices of the plasma sources. Simultaneously, the equation for the dust charge is solved self-consistently, taking into account the number of electrons and the number of ions absorbed by the dust grains.
The numerical integration of the kinetic equations has been performed approximating the differential operators by finite differences and then solving the resulting difference equations in an evolutionary manner, starting from tϭ0. Two numerical schemes have been implemented. In the first, the time derivative has been approximated by a forward difference, in the second, by a backward difference. The results of the two methods have been compared to evaluate the numerical error of the solutions.
III. IMPORTANCE OF THE PLASMA SOURCE
To understand how important the source of plasma particles is in the time evolution of the plasma distributions, Maxwellian sources are chosen with different intensities.
The sources have the form
so that the same number of electrons and ions is introduced in the plasma ͑to preserve the neutrality͒. The dimensionless sources can be expressed as Figures 1 and 2 show snapshots at different times of the distribution functions for the first three values of the source. Figure 3 shows the evolution of the plasma thermal energies, T ␣ , normalized to the initial values, and of the dust charge, Z d , obtained computing the fluxes of ions and electrons collected by the dust particle. The starting parameters used in Figs. 1-3 are given in Table I .
It is clear that the evolution of the distributions depends strongly on the sources, and the differences grow with time. Even if the electron and ion initial distributions are Maxwellian and the plasma parameters are chosen so that the net current on the dust grains is zero at tϭ0, the distributions of ions and electrons do not maintain their Maxwellian shape. This is still more remarkable because the sources are also Maxwellian. Notice from Fig. 3 that the electron temperature decreases with time because only the energetic electrons are absorbed on the dust grains. This is more relevant in the case without source because the energetic electrons captured are not replaced by a source. The opposite happens for the ion temperature. From the evolution of the dust charge in Fig. 3 it can be seen that the initial dust charge is an equilibrium charge only for the initial plasma distribution functions but, as the shapes of the plasma particle distributions change with time, the dust equilibrium charge ͑which is a function of the electron and ion distributions͒ changes.
For the case of a variable source, s 0 ( t)ϭs( t), which replaces the electrons absorbed by the dust grains so that the electron density is a constant, the evolution of the distribution functions is followed until a stationary solution is reached. Note that a stationary solution for the electrons cannot be reached at low energy because, while the source introduces particles, in this energy region electrons are not absorbed and, as shown in the next section, the diffusion term is negligible for electrons: however, the shape of the ion distribution reaches its stationary solution and so does the electron distribution at high energy. Two cases are shown in Figs. 4 and 5 for different starting parameters and a variable source. The first case ͓Figs. 4͑a͒,5͑a͔͒ has the same parameters of the previous cases ͑listed in Table I͒ , while in the second case ͓Figs. 4͑b͒,5͑b͔͒ the initial parameters are given in Table II. The stationary solutions are different in the two cases. These results show that it is not possible to assume that the electron and ion distributions in a dusty plasma are Maxwellian. Even if the initial distributions and the sources are Maxwellian, the Maxwellian shape of the distribution functions is not maintained in the evolution. Figs. 1, 2, 3,  4͑a͒ , and 5͑a͒. 
IV. IMPORTANCE OF THE DIFFUSION TERM
It was argued in Paper II, where Maxwellian distributions were used for the estimates, that particle diffusion resulting from the absorption processes should be of particular importance for ions but not for electrons. This has been investigated comparing the evolution of the distributions from the numerical solutions with and without the diffusion term in the kinetic equations. The results confirm the findings of Paper II and are shown in Figs. 6-8 for ions.
In Fig. 6 the final ion distributions obtained with and without the diffusion term are compared. For the initial parameters of Table II the time evolution has been followed with a variable source up to tϭ1125. The shapes of the two distributions are clearly different, and the ion distribution function seems to be more affected by the diffusion term at low energy. The diffusion term, in fact, is greater at low energy and its main effect on the shape of the distribution function is to prevent a great depletion of ions at low energy.
As shown in Paper II, another effect of the diffusion term is a growth of the ion temperature. The temperature growth is due both to the diffusion term and to the absorption by dust grains. The temperature growth, described by the diffusion term, is caused by the inelasticity of the dustplasma collision in presence of charging process ͑see Papers I, II͒.
To understand the importance of the diffusion term, calculations have been made for several values of the plasma parameter P, which plays an important role in the plasma kinetics. The results are shown in Fig. 7 and Fig. 8 for the case of the variable source and starting parameters of Table I ͑except the value of P, which is now varied͒. In Fig. 7 the ion temperatures are shown as calculated from the solutions for the ion distributions with and without the diffusion term.
With all the other parameters fixed, the evolution of the plasma particles with and without the diffusion term, for P ϭ0.1 ͓Fig. 7͑a͔͒, Pϭ0.5 ͓Fig. 7͑b͔͒ and Pϭ1.5 ͓Fig. 7͑c͔͒, has been followed up to tϭ500. In Fig. 8 the total growth of the ions temperature, ⌬T i , is compared with the growth caused by the diffusion term, ⌬T i inel ͑see Paper II͒. It is clear that the importance of the diffusion term is nearly constant in time and it grows with P: the last result could also be obtained from the findings of Paper II. For P of the order of 1, as found in Paper II, the diffusion term is important and the growth of the ion temperature due to the diffusion term is nearly the same as the growth caused by the charging process.
The effect of the diffusion term on the electron distribution function has also been investigated and found to be small. The growth of the electron temperature ⌬T e inel is very small compared to the electron cooling caused by the charging process ⌬T e : ⌬T e inel is only of the order of 0.01% of FIG. 6 . Normalized ion distribution function vs normalized velocity at t pe ϭ1125 from the solutions with and without the diffusion term. The initial Maxwellian is shown for comparison. The starting parameters are given in Table II and the source is variable: s 0 (t pe )ϭs(t pe ).
FIG. 7. Growth of the ion temperature ͑normalized to the initial value͒ calculated from the distribution functions with and without the diffusion term for three values of the parameter P: Pϭ0.1 ͑a͒, Pϭ0.5 ͑b͒, Pϭ1.5 ͑c͒.
The other starting parameters are given in Table I. FIG. 8. Dependence on the parameter P of the growth of the ion temperature ⌬T i inel due to diffusion, normalized to the total growth ⌬T i due to both diffusion and absorption on dust. The starting parameters are the same as Fig. 7 .
⌬T e . Also, in the electron case the importance of the diffusion term seems to grow with P, but no meaningful results can be presented to show the importance of the diffusion term for different starting parameters, as the effect of the diffusion term is comparable with the numerical error.
In conclusion, while the diffusion term does not have an important effect on the electron temperature, it cannot be neglected in the evolution of the ion temperature. The iondust inelastic collisions are important and cause a growth of the ion temperature which is comparable with the effect of the charging collisions. This effect grows with P and for P of the order of 1, a typical value in dusty plasmas, the temperature growth due to diffusion is nearly the same as that due to the charging collisions.
V. STATIC SCREENING
As shown in Paper III, the interaction between two dust particles at rest in a dusty plasma can be written in terms of an effective potential around a dust particle given by ͑k ͒ϭ 4q eq
This expression can be derived from the kinetic theory using test-particle theory and it contains all the effects of space-charge modifications due to plasma absorption on dust and charge fluctuations. If the dusty plasma is treated as a three-component plasma, with dust particles of fixed charge q eq , the effective dielectric function is replaced by the usual form
where k tot is the inverse of the total Debye length of the plasma, including the dust Debye length
As is well known, the Fourier transform of the latter gives the Debye-Huckel screened potential p ͑ r ͒ϭ q eq r e Ϫk tot r , which has often been used to describe the interactions in dusty plasmas. It is interesting, therefore, to understand the differences between the potential for the present kinetic theory and for a multicomponent plasma and the differences between the two corresponding screening factors. In particular, since the Coulomb interactions are screened but the interaction ͑change of momentum͒ due to plasma bombardment is not, one should expect a very different behavior at large distances ͑small k) where eventually the potential can change sign ͑attraction͒. Since the screening factor depends on the plasma distribution functions, it will change with time. The following numerical results refer to the ''equilibrium'' case in the sense that the asymptotic plasma distributions are used to calculate the effective dielectric function. The results are shown in Fig. 9 . Introducing the dimensionless wave number
In Fig. 9 the static screening in a dusty plasma
, is compared with the static screening in a multicomponent plasma
for various parameter regimes. In Fig. 9͑a͒ the screening is calculated from the distributions found for the cases presented in Figs. 1 and 2 The screening S p has been evaluated with the final density and temperature of the plasma particles and with the final charge of the dust particles.
In this dusty plasma S p is always smaller than S d , but this is not true in all dusty plasmas, as the differences between the two screenings change in an essential manner, for various parameter regimes. This is shown in Fig. 9͑b͒ , where the relative differences between the two screenings are plotted for all the sources of Figs. 1 and 2 . The distributions used are again those at tϭ2•10 5 . The case of Maxwellian distributions is also shown in Fig. 9͑b͒ : the screening S d in this case has been calculated not from the solutions of the kinetic equations but by using Maxwellian distributions for the plasma particles. As shown by a comparison with the other curves, the difference in screening can be enhanced when the consistent solutions of the kinetic equations are used. It is remarkable that S d can be smaller or greater than S p and that the difference between the two screenings can change sign. The differences between the two screenings are important for small k and when k grows the differences reduce. The differences between the two screenings can be great, and a positive peak of 50% is visible when s 0 ϭ0. For very low values of k, the differences between the two screenings are always great and negative (S d is very small and a difference is amplified when relative differences are plotted͒.
The values of k i must be compared with k max Ӎ1/a, 5 that is
and, with the starting parameters of the simulations, it is k i,max Ϸ1.7•10 4 . In Fig. 9͑c͒ the parameters of Table II are used with a variable source and the evolutions of the distributions have been followed up to tϭ500. The different behavior of the differences between the two screenings, for the various values of P, is apparent. The differences can be positive or negative.
The differences depend strongly on the dusty plasma parameters and different qualitative effects can be seen for various parameters. The differences at small k imply that around a dust charge the potential does not have the usual Debye screened form for large r. The numerical study of this potential will be the subject of a future work.
VI. CONCLUSIONS
In the parameter regime where dust-plasma particles collisions dominate with respect to collisions between plasma particles and the recent kinetic theory of dusty plasmas ͑Paper I,II,III͒ is valid, the evolution equations for the distributions of electrons and ions have been solved numerically with the assumptions of isotropic and homogeneous functions and of a Maxwellian dust distribution at all times.
The importance of the source and diffusion of plasma particles have been investigated with the conclusion that, even for Maxwellian sources, the plasma equilibrium distributions are not Maxwellian and the ion and electron initial temperatures change due to absorption on dust and diffusion ͑see Figs. 1-5͒ . The effect of diffusion has been shown to be important for ions ͑see Figs. 6-8͒ but not for electrons, as anticipated in Paper II.
Finally, the static effective screening of a dust particle, as calculated from the results of the kinetic theory including dust charge fluctuations and the modification of the space charge due to plasma absorption on dust, has been shown to be quite different from the usual Debye screening of multicomponent plasmas at small wave numbers ͑see Fig. 9͒ . This implies that the interaction of two dust particles in a dusty plasma can have, at large distances, a very different behavior from the usual screened Coulomb interaction. A detailed analysis of this interaction will be the subject of a future work.
